Collision avoidance is critical for survival, including in humans, and many species 7 possess visual neurons exquisitely sensitive to objects approaching on a collision 8 course. The most studied such collision-detecting neuron within the optic lobe of 9 grasshoppers has long served as a model for understanding collision avoidance 10 behaviors and their underlying neural computations. Here, we demonstrate that this 11 neuron detects the spatial coherence of a simulated impending object, thereby 12 carrying out a computation akin to object segmentation critical for proper escape 13 behavior. At the cellular level, object segmentation relies on a precise selection of 14 the spatiotemporal pattern of synaptic inputs by dendritic membrane potential-15 activated channels. One channel type linked to dendritic computations in many 16 neural systems, the hyperpolarization-activated cation channel, HCN, plays a 17 central role in this computation as its pharmacological block abolishes the neuron's 18 spatial selectivity and impairs the generation of visually guided escape behaviors, 19
23
Neurons within the brain receive information about the outside world through a 24 continuous ever-changing stream of synaptic inputs. These inputs can arrive thousands of 25 times a second spread out across tens or even hundreds of thousands of different synaptic 26 locations. Ultimately, the primary task of a neuron is to filter out the irrelevant elements 27 of this dynamic stream and extract from the noisy cascade features meaningful for the 28 animal. While the importance of synaptic input timing in this process is well known, due 29 to technical limitations the role of the spatial pattern of dendritic inputs has received less 30 attention. In fact, it is still an unsettled question whether neurons extract information 31 embedded within the broader spatial patterns of ongoing synaptic inputs 1 . 32
In support of this hypothesis, recent investigations have begun to demonstrate 33 spatial patterning of excitatory and inhibitory synaptic inputs 2,3,4 and dendritic processes 34 capable of discriminating between different such patterns 5,6,7 . For instance, local synaptic 35 clustering can produce supralinear summation which enhances the selectivity of visual 36 neurons 5, 7 . Dendritic spikes and NMDA receptors can amplify local patterns of synaptic 37 inputs, conferring directional selectivity to some retinal ganglion cells 8, 9 . While recent 38 results have begun to illustrate the functional role of fine scale synaptic patterning in 39 many neurons 10, 11, 12, 13 , whether they also discriminate broader spatiotemporal patterns 40 consisting of thousands of synaptic inputs remains unaddressed. The nonlinear dynamics 41 employed within dendrites for this purpose will likely depend on the spatiotemporal 42 statistics of presynaptic activities and the neuronal function that needs to be 43 computed 14, 15 . To address these issues, we focus on large scale processing of synaptic 44 inputs and the dendritic computations required for visual object segmentation in the 45 context of collision avoidance behaviors. 46
The spatiotemporal sequence of synaptic inputs relevant to collision avoidance is 47 determined by the statistics of the approaching object. Objects approaching on a collision 48 spatial selectivity. Previous experiments showed that the strength of excitatory inputs 103 encodes the temporal characteristics of the approaching object independent of its spatial 104 pattern 34 . Additionally, simulations confirmed that spatial clustering of synaptic inputs 105 that occurs with coherent stimuli would reduce summation in passive LGMD dendrites 32 , 106 as further elaborated below. The LGMD's selectivity for the spatial characteristics of an 107 approaching object must therefore be determined by active processing within the 108 dendrites of field A. No active conductances, however, have yet been characterized 109 within these dendrites. Evidence suggests that neither the fast Na + nor Ca 2+ channels that 110 produce supralinear summation in many other neurons are present there 34, 35 . Since in 111 many neural systems HCN channels have been found to influence dendritic 112 computations, and previous experiments suggested putative HCN channels within the 113
LGMD 36 , we hypothesized that HCN channels within field A might be involved in 114 discriminating the spatial coherence of approaching objects. 115
To test for the presence of HCN channels we used current and voltage steps, as 116 well as application of known channel blockers and modulators 37 , during visually guided 117 recordings from each of LGMD's three dendritic fields and near the spike initiation zone 118 (SIZ; Fig. 2a ). Hyperpolarization produced a characteristic rectifying sag, that was 119 abolished by the HCN channel blockers ZD7288 and Cs + (Supplementary Fig. 1a-c) . At 120 the same peak hyperpolarization (Fig. 2b, Methods) , the HCN channels' conductance 121 (g H ) produced a larger, faster sag in field A ( Fig. 2b-d) , consistent with HCN channels 122 being localized there and the current passively propagating to the rest of the LGMD. 123
Recordings at different locations within dendritic field A also revealed an increase in sag 124 with distance from the SIZ (Fig. 2e) suggesting a higher channel density distally in field 125 A. To characterize the channel kinetics, field A dendrites were voltage clamped revealing 126 an activation curve ( Fig. 2f ) and time constant ( Fig. 2g ) similar to that of HCN2 127 channels 37 . Application of cAMP shifted the activation curve of g H (Fig. 2f) , resulting in 128 increased activation at rest, while ZD7288 application abolished g H activation (Fig. 2h ) 129 consistent with results in other systems. 130
To examine whether these HCN channels could be responsible for spatial 131 discrimination, we presented visual stimuli before and after their pharmacological 132 blockade. Responses to looming stimuli were reduced by 61% after HCN blockade 133 within field A ( Fig. 2i) . Visual responses to localized luminance transients, however, 134
were similar before and after blockade of g H (Supplementary Fig. 2) . After ZD7288 135 blockade, responses at all coherence levels were like those at zero coherence before block 136 ( Fig. 2j ; un-normalized, individual data in Supplementary Fig. 3a) . As explained below, 137 this change in selectivity was reproduced by a biophysical model of the LGMD (Fig. 2j,  138 dashed lines). For each experiment, we defined coherence preference as the slope of the 139 linear fit to the number of spikes fired by the LGMD as a function of stimulus coherence 140 ( Supplementary Fig. 3a ). For every animal tested, the coherence preference was reduced 141 after g H blockade, decreasing from a median of 0.26 to 0.04 spikes per percent coherence 142 ( Fig. 2k) . To ensure that these effects were intrinsic to the LGMD, we ascertained that 143 blocking g H with Cs + also reduced the coherence selectivity ( Supplementary Fig. 3b ; 144 Materials and Methods). Comparing the jump probabilities at each coherence level with 145 the g H -dependent increase in firing revealed a strong correlation (Fig. 2l) . Furthermore, 146 responses to faster looming stimuli, which fail to produce escape behaviors before the 147 projected time of collision 38 , showed a smaller g H -dependent increase in firing 148 ( Supplementary Fig. 3c ). Therefore, g H increased responses specifically to stimuli which 149 evoke escape, suggesting that the g H -dependent enhancement produced the increase in 150 escape selectivity. 151 HCN channels affect membrane properties and synaptic summation. How 152 HCN channels could impart this selective enhancement is not obvious. In no neurons 153 have HCN channels been shown to increase summation of spatially coherent inputs, and 154 often g H has net inhibitory effects 37,39 . To determine how HCN channels produced the 155 selective enhancement of looming responses, we investigated the effects of g H on 156 membrane excitability within field A. g H increased the resting membrane potential 157 (RMP) by ~6 mV in field A, which would bring the neuron closer to spike threshold ( Fig.  158 3a). Blockade also revealed g H to decrease input resistance by 50% and the membrane 159 time constant (τ m ) by 30% (Fig. 3b,c) , which should substantially reduce the summation 160 of excitatory postsynaptic potentials (EPSPs), as occurs after g H blockade in cortical 161 pyramidal neurons 40,41 . Injecting simulated EPSPs (sEPSPs; Fig. 3d ) confirmed this 162 reduced summation. After g H blockade, summation from the first to fifth sEPSP increased 163 for all tested delays ( Fig. 3e ; the dashed lines are from a biophysical model, see below), 164 and the integrated sEPSP, normalized by the integrated current increased by 77% ( Fig.  165 3f). Neither before nor after g H blockade was supralinear summation ever seen in LGMD 166 dendrites. We verified that the effects of g H were not simply due to a shift in the RMP by 167 hyperpolarizing the LGMD during visual stimuli. Lowering the RMP without altering 168 input resistance and τ m produced less reduction in coherence preference than blocking g H , 169
with responses to standard looming stimuli reduced by 20%. (Supplementary Fig. 3d ). 170
The mix of excitatory and inhibitory electrotonic effects of g H does not provide any 171 simple explanation for the large enhancement in looming responses or the conveyed 172 coherence selectivity. 173 K + channels complement HCN channels in generating coherence tuning. That 174 g H increased looming responses twofold despite decreasing EPSP amplitude and 175 summation by half appears counterintuitive. To explore this apparent contradiction, we 176 investigated interactions between HCN and other dendritic channels. In several systems, 177 HCN channels have indirect excitatory effects through inactivation of co-localized 178 voltage-gated K + channels 41, 42, 43, 44 . To test whether this was also the case in dendritic 179 field A of the LGMD, we measured visual responses in the presence of 4-aminopyridine 180 (4AP), a blocker of inactivating K + channels 45 . Application of 4AP, either intracellularly 181 or extracellularly, increased the resting membrane potential in field A by 2-5 mV and 182 increased responses to all visual stimuli, but responses to looming stimuli increased the 183 least ( Fig. 4a,b ; un-normalized, individual data in Supplementary Fig. 3e ). The 184 complementary effects of HCN and K + channels was best revealed by plotting the 185 relative changes in looming responses after their block by ZD7288 and 4AP, respectively 186 ( Fig. 4c) . Thus, while HCN channels predominantly boosted responses to coherent 187 stimuli, K + channels mainly decreased responses to incoherent ones. This increase in 188 incoherent responses after blocking K + channels was also reproduced in biophysical 189 simulations ( Fig. 4b, 
c dashed lines; see below). 190
To further confirm that these K + channels were exerting a spatially-dependent 191 effect on synaptic integration, we recorded intracellularly from dendritic field A before 192 and after 4AP application while presenting looming stimuli with varying degree of 193 coherence. We measured the dendritic membrane potential over multiple time windows 194 during the stimuli and compared it with the distance between currently changing coarse 195 pixels and those pixels already fully darkened ( Supplementary Fig. 4a-f ). Spatially 196 dispersed excitatory inputs produced less depolarization of the dendrites in control 197 conditions, but this relationship was greatly reduced after application of 4AP, as 198 summarized in Fig. 4d . We quantified the change in depolarization caused by currently 199 changing coarse pixels as a function of the angular distance to fully darkened ones by 200 computing the slope of the linear fits between these two quantities ( Supplementary Fig.  201 4g). For each time window, 4AP increased the depolarization produced in field A by 202 more distant stimuli with an average slope difference of 0.72 mV per degree of visual 203 separation ( Fig. 4e) . These experiments confirm that inactivating K + channels selectively 204 decrease responses to spatially dispersed inputs in dendritic field A. 205
Compartmental modeling highlights role of K + and Ca 2+ channel inactivation 206
in coherence tuning. Detailed biophysical modeling was employed to further understand 207 the biophysical mechanisms by which HCN and inactivating K + channels allow the 208
LGMD to discriminate spatiotemporal input patterns based on coherence. First, we 209 confirmed that a model of the LGMD with passive dendrites generated a smaller response 210 to retinotopically arranged looming inputs than the same inputs impinging on random 211 dendritic locations (Fig. 5a ). This illustrates why implementing coherence preference 212 over an extended dendritic arbor is nontrivial: spatially distributed excitatory inputs 213 produce less reduction in driving force, thus generating a larger current from the same 214 synaptic conductance. Adding HCN channels to the dendrites of this model, in agreement 215 with experimental data, also resulted in stronger responses to spatially scrambled inputs 216 ( Fig. 5b) . As suggested by the results of Fig. 4 , the subsequent addition of inactivating 217 K + channels in dendritic field A reduced responses to the spatially scrambled inputs, 218 bringing the model in broad agreement with experimental findings (Fig. 5c) . 219
More precisely, this model reproduced many key experimental results, including 220 the LGMD's preference for spatially coherent inputs and the reduction of this preference 221 after block of g H (Fig. 2j) ; the electrotonic and summation effects of g H (Fig 3e;  222   Supplementary Fig. 5a-c) ; the coherence-dependent increase in firing caused by 223 blocking the inactivating K + channels and their role in suppressing responses to 224 incoherent stimuli ( Fig. 4b,c ). In the model, the inactivating K + channel activity was 225 similar to the K D current that has been hypothesized to influence dendritic integration in 226 pyramidal and Purkinje neurons based on its activity at rest, influence on subthreshold 227 integration within field A dendrites, its apparent slow inactivation, and its 4AP 228 sensitivity 45, 46 . We thus call it K D-like . During looming stimuli, as inputs continue to 229 impinge nearby for a prolonged period, the K + channels inactivate ( Fig. 5d , solid black 230 line). During spatially incoherent stimuli, however, the channels across the arbor undergo 231 less inactivation ( Fig. 5d , solid gray line). The reduction in resting membrane potential 232 that occurs after HCN blockade reduces the resting K + channel inactivation ( Fig. 5d , red 233 line) so that even with spatially coherent inputs the channels never fully inactivate 234
( Supplementary Fig. 5e shows the K D-like activation variable for each stimulus 235 condition). The increased inactivation when HCN channels are present for coherent 236 stimuli produced lower overall conductance of the K D-like channels ( Supplementary Fig.  237 5f). HCN activation decreased as channels closed because of dendritic depolarization 238 during looming stimuli ( Fig. 5d , dashed black line). During incoherent stimuli, there was 239 less dendritic depolarization and less closing of HCN channels ( Fig. 5d , dashed gray 240 line). 241
In addition to the dendritic channels, the model also included low-threshold Ca 2+ 242 channels (Ca T ) and Ca 2+ -dependent K + channels (K Ca ) near the SIZ that allowed the 243
LGMD model to fire in bursts 36, 35 . In both experimental data and simulations, responses 244 to spatially coherent stimuli generated more sustained, non-burst firing than transient 245 burst firing ( Fig. 5e; Supplementary Fig. 5d,e ). The model reproduced the trends in the 246 data qualitatively rather than quantitatively (see Discussion). The decrease in bursting for 247 coherent stimuli was also dependent on Ca T channel inactivation. Coherent stimuli 248 produced a steady ramp up of membrane potential increasing Ca T inactivation, while 249 incoherent stimuli produced more sudden depolarization producing bursts. During the last 250 2 s before collision, when most firing occurred, the average inactivation of both Ca T and 251 K D-like channels increased with stimulus coherence (Fig. 5f) . 252 HCN channels mediate coherence tuning of escape behaviors. Having found 253 that g H -dependent increase in firing is strongly correlated with jump probabilities ( Fig.  254 2l), we sought a more direct test of the hypothesis that g H within the LGMD played a 255 critical role in the animals' escape from approaching objects. So, we blocked g H in the 256
LGMD in freely behaving animals (Materials and Methods). As a further control, we 257 also developed a chronic recording technique allowing us to monitor the descending 258
LGMD output during escape behaviors before and after g H blockade. 259
Blocking g H in the LGMD reduced escape behavior by 53% for standard looming 260 stimuli compared to saline injection ( Fig. 6a , left two bars). The coherence preference 261 was also removed by blockade of g H : standard looming stimuli no longer produced a 262 higher percentage of escape than reduced coherence stimuli ( Fig. 6a , red bars). This 263 provides confirmation that the spatial selectivity of synaptic input patterns conferred to 264 the LGMD by the active conductances within its dendrites directly influences the 265 selectivity of escape behaviors. That these behavioral changes were caused by g H 266 blockade within the LGMD was further confirmed by examination of the LGMD's firing 267 pattern. g H blockade by ZD7288 decreased responses to both standard looming stimuli 268 and 89% coherent stimuli (Fig. 6b,c) . The reduction in firing in the freely moving 269 animals was less than that in the restrained preparation (36% and 60%, respectively), 270 which might be due to an incomplete block of g H after stereotactic injection compared to 271 visually guided puffing (see Materials and Methods) or differences in arousal state. To 272 test this, we used the stereotactic injection procedure in restrained animals and saw a 56% 273 reduction in looming responses ( Fig. 6d) suggesting the difference in firing rate change 274 was most likely due to difference in behavioral state. Our ability to produce a direct 275 change in behavior of freely moving animals from targeted blockade of g H within the 276
LGMD was confirmed by simultaneous extracellular recordings revealing a firing rate 277 change resembling that of intracellular drug application, verification that the surgical 278 procedures did not reduce the response, and postmortem anatomical verification that drug 279 application occurred within the region encompassing LGMD's dendrites 280 ( Supplementary Fig. 6 ). 281
DISCUSSION 282
Here, we provide the first demonstration of selectivity to spatial coherence for an 283 ecologically important escape behavior ( Fig. 1) . We also show that this spatial 284 discrimination relies on processing within the dendrites of the LGMD. Whether the 285
LGMD could discriminate between spatial patterns derived from a looming stimulus was 286 previously unknown. Nor was it known how neurons could discriminate broad spatial 287 patterns of inputs to implement object segmentation. To examine this issue, we provided 288 the first characterization of active conductances within the dendrites of the LGMD and 289 demonstrated that HCN and inactivating K + channels produced selectivity for spatial 290 coherence within the LGMD's dendrites receiving precise retinotopic excitation (Figs. 2 291 & 4). Although our results demonstrate that spatial selectivity is in large part 292 implemented within the LGMD's dendritic arbor, they do not rule out possible additional 293 presynaptic mechanisms supplementing those described here. Further, by blocking HCN 294 channels in freely moving animals, we showed that the selectivity of escape behavior 295 depends on the enhancement of spatially coherent responses due to HCN channels in the 296
LGMD ( Fig. 6) . 297
Although our experimental data demonstrated that HCN channels produce a 298 selective enhancement for inputs generated by spatially coherent approaching objects and 299 that this leads to behavioral selectivity, there are no previously described mechanisms by 300 which ion channels could produce this remarkable spatial selectivity. Based on extensive 301 biophysical modeling, we developed a plausible hypothesis explaining the underlying 302 mechanisms, schematically illustrated in Fig. 7 . These mechanisms involve dendritic 303 compartmentalization, regulation of membrane potential to control levels of K + and Ca 2+ 304 channel inactivation, regulation of bursting, and competition between depolarizing and 305 hyperpolarizing conductances within a compartmentalized dendritic arbor. While HCN 306 channels play a critical role in these processes, each aspect depends on their interaction 307 with other membrane conductances. We postulate that spatially incoherent visual stimuli 308 generate spatially dispersed synaptic inputs which increase the activation of K D-like . This 309 reduces the depolarization generated by synaptic inputs (Fig. 4d,e; Supplementary Fig.  310 4) and the K D-like activation reduces its own slow inactivation. For spatially coherent 311 stimuli, in contrast, the synaptic inputs combine with the tonic activity of g H to maintain 312 local depolarization sufficient to inactivate K D-like . The sustained depolarization 313
propagates to the SIZ where it inactivates Ca T channels, reducing burst spiking and 314 negative feedback caused by K Ca . Conversely, incoherent stimuli generate more transient 315 depolarization with less inactivation of K D-like and Ca T and more burst firing followed by 316 K Ca activation that further prevents sustained spiking. Escape jumps require a coordinated 317 sequence of motor activation generated by a specific LGMD firing pattern and cannot be 318 initiated by transient bursts of spiking 26, 29 . While HCN channels often promote 319 rhythmicity 37 , increases in bursting after removal of g H due to de-inactivation of Ca T 320 channels has also been reported in cortical neurons and tied to absence epilepsy 47,48 . 321
The model illustrated in Fig. 5 and 7 supports our experimental results and was 322 the simplest that could be derived from them. Although the specific kinetics and 323 distributions of several channels in the LGMD remain to be characterized, the model is 324 well grounded in experimental data (Material and Methods). Further, extensive searches 325 through the possible parameter space did not yield other combinations of mechanisms 326 that reproduced the broad range of experimental data available to constrain the model. 327 Yet, the model did not reproduce quantitatively all our experimental data: for example, it 328 underestimated the amount of transient firing at high coherence and, vice-versa, 329 overestimated its sustained firing ( Fig. 5e; Supplementary Fig. 5d ,e, dashed lines). One 330 likely reason is that details of the bursting mechanisms may be imperfectly tuned in the 331 model, due to the absence of a second calcium sensitive K + conductance 35 or still 332 uncharacterized properties of an M current (unpublished observations). Further 333 confirmation of this will require future experimental tests of channel properties predicted 334 by the model, including the location of HCN and K D-like channels within field A ( Fig. 2e) , 335 that K D-like and Ca T inactivate above -70 mV, and that K D-like inactivates slowly (in the 336 range of 0.3-2 seconds). 337
This work also generates hypotheses about the role of the LGMD output in the 338 production of escape behavior. Incoherent stimuli generated bursts of LGMD activity, but 339 not the sustained firing of increasing frequency seen in response to coherent looming 340 stimuli, and failed to initiate escape behavior ( Fig. 1f) . As the escape jump requires a 341 coordinated sequence of muscle activation, this suggests that bursts interrupt the motor 342 sequence before all the required phases are completed. One could think of a burst of 343 spikes followed by a pause in firing as a type of 'abort signal' canceling the jump 344 program before it reaches completion. Further behavioral tests, ideally with in vivo 345 stimulation, could be used to test this hypothesis. 346
Additionally, the current work also suggests further reaching hypotheses. HCN 347 channels have long been known to influence dendritic integration in hippocampal 348 pyramidal neurons 40 , and K D has been tied to extended synaptic integration in the same 349 neurons 45 . More recently, dendritic K + channels have been found to compartmentalize the 350 dendrites, and experiments and modeling have suggested that spatiotemporal interactions 351 between HCN and K + channels regulate neuronal excitability 49,50,41 . While the spatial 352 pattern of synaptic inputs in vivo is unknown in pyramidal neurons, it is possible that a 353 similar selectivity for spatial patterns arises by mechanisms analogous to those described 354 here. In thalamocortical neurons, HCN channels influence K + and Ca 2+ channel 355 inactivation, thereby regulating bursting and excitability 47,51 . HCN regulation of bursting 356 has been tied to a rat model of absence epilepsy 48,52 and may also contribute to human 357 epilepsy 53 . In addition to possible disease states, HCN-dependent regulation of persistent 358 or burst firing has also been involved in working memory 54 Acknowledgments We would like to thanks Y. Zhu and E. Sung for the two-photon 506
LGMD scan and reconstruction, respectively, and S. Peron LGMD responses to looming stimuli. Bottom, mean instantaneous firing rate (f) of 524
LGMD looming response. Shaded area is ±1 sem. (c) The coherence of looming stimuli 525 was altered by first applying a coarse pixelation to create photoreceptor sized pixels. 526
Then, a zero-mean random shift was added to the position of these coarse pixels to 527 generate the reduced coherence stimuli. The variance of the random shifting (in degrees) 528
determined the reduction in coherence. (d) Illustration of coherent and incoherent stimuli. 529
For coarse looms (middle row) grayscale levels are set so that luminance in each coarse 530
pixel is equal to that of standard looms in every frame. For reduced coherence looms 531
(bottom), the spatial locations of the coarse pixels were altered. (e) Video frames from 532 presentation of standard looming (top) and 86% coherent (bottom) stimuli. (f) Jump 533
probability increased sharply with stimulus coherence above 50% (r = 0.91, p = 5.9·10 -4 ), 534
202 trials from 66 animals. (g) The LGMD's spike count (p = 2.5·10 -4 , Wilcoxon rank 535 sum, WRS) and peak firing rate (p = 1.9·10 -4 , WRS) were lower for 0% coherent than 536
100% coherent looming stimuli (N=10). 537 traces showing larger rectifying sag in field A than in field C or near the SIZ. Solid lines 543
are the average response with shaded region of ± 1 sd. Sag amplitude was measured as 544 the amount of rectification from peak hyperpolarization to steady state, as indicated by 545 the green bar. Responses with nearly identical peak hyperpolarization were obtained by 546
adjusting the injected current steps (-10 nA in field A and near the SIZ; -8 nA in field C).
547
(c) Sag amplitudes following steps from rest yielding peak hyperpolarizations between -548 95 and -115 mV are consistently larger in field A (N=82,58) than in the trunk (N=11,13) 549
or inhibitory subfields (N=6,6; p < 0.001, KW-MC). extra-cellular application of ZD7288 (N=10,10 p = 4.1·10 -5 , WRS). (j) Responses 565 increased with stimulus coherence in control conditions (r = 0.83, p = 2.9·10 -14 ), but after 566 g H block the coherence-dependent increase was removed (p = 2.1·10 -6 , ANCOVA test of 567 slopes, N=10,10 responses to a series of 5 sEPSPs with 10 ms interpulse interval. On average ZD7288 584 block of g H led to 51% increase in 1 st sEPSP amplitude (p = 6.0·10 -4 , WRS) and 585 subsequent summation of sEPSPs from 53% in control to 104% (p = 0.001, WRS) 586 control N=14,7; ZD7288 N=9,5. (e) Summation increased after g H removal for all 587 interpulse intervals. Points and solid lines show experimental data, dashed lines are 588 simulation results. (f) The integrated membrane potential (V m ) normalized by the 589 integrated current (total charge) increased an average of 77% after ZD7288 (thick black 590 line; p = 1.7·10 -19 , WRS, N =14,7 in control and 9,5 in ZD7288). Gray lines are from 6 591 recordings held through puffing (p <= 0.01, paired t-test). 592 reduced the coherence-dependent increase in firing (r = 0.83 p = 8.4·10 -9 for control, r = 601 0.36 p = 0.05 after 4AP, N=5,5). Plotted as in Fig. 2j . (c) Comparison of the relative 602 effects of ZD7288 (r = 0.395, p = 4.1·10 -3 ) and 4AP (r = -0.58, p = 6.3·10 -4 ). Dashed 603 lines in b and c are simulation data. (d) Membrane potential changes showed a strong 604 negative correlation with distance between stimulated regions in control (r = -0.54, p = 605 4.1·10 -8 ), but 4AP application significantly reduced this effect (p = 0.006, ANCOVA test 606 of slopes, N=7,7) Each line pair is from a different time interval of the stimulus. (e) 607
Within each time window, the 4AP sensitive current caused a decrease in response to 608 spatially distant inputs (p = 0.019, paired t-test, N=7,7). 609 generated a stronger response to spatially randomized inputs (green) than retinotopically 613 arranged ones (black). Spatially randomizing inputs increased mean membrane potential 614
1.23 ± 0.01 mV at the base of field A (top) and increased firing by 59% (bottom). (b) 615
Adding HCN channels to the dendrites did not change this trend. Spatially random inputs 616
(green) increased mean membrane potential 1.23 ± 0.01 mV at the base of field A (top) 617 compared to spatially coherent ones (black) and increased firing by 64% (bottom). (c) 618
The full model, with both HCN and inactivating K + channels, however, had 1.25 ± 0.01 619 mV lower membrane potential at the base of field A and 61% less spiking in response to 620 spatially random inputs. (d) At bottom, the time course of K + channel inactivation shows 621
higher inactivation during a coherent looming stimulus (black) than an incoherent coarse 622 stimulus (gray). After blocking HCN channels (red), the resting inactivation is much less 623 and never reaches the inactivation level of control. At top, HCN channel activation is 624 lower during coherent stimuli since K + channel inactivation leads to increased 625 depolarization. (e) Comparison of the membrane potential near the base of field A for 626 experimental data (top) and model simulation (bottom) reveal a steady ramp up in firing 627 rate in response to coherent looming stimuli and a much burstier firing pattern in 628 response to a 0% coherence coarse stimulus. (f) The mean channel inactivation during the 629 last 2 seconds before collision increased with stimulus coherence for both K + and Ca T 630 channels. 631 Figure 6 . Blocking HCN channels removed coherence preference of escape behavior.
633
(a) Jump probability for coherent looming stimuli decreased after injecting ZD7288 into 634 lobula, compared to saline injection (p = 0.008, ASL). Error bars are bootstrapped 95% 635 confidence intervals. Responses to 86% coherent stimuli after ZD7288 injection were not 636 significantly different from responses after saline injection (p = 0.08, ASL) or standard 637 looming responses after ZD7288 injection (p = 0.34, ASL). Saline injection: 48 trials 638 from 5 animals, ZD7288 injection: 41 trials from 5 animals. (b) LGMD instantaneous 639
firing rates (f) during jump experiments decreased after ZD7288 injection. ZD7288 640 decreased responses to both stimuli (p = 0.019 for loom, p = 0.015 for 86% coherent, The control responses displayed have 182 and 165 spikes, and responses after ZD7288 644 have 128 and 122 spikes for the standard loom and 86% coherent loom, respectively. (d) 645
Rasters and instantaneous firing rates after injection of ZD7288 through the eye in 646
restrained animals, reduced LGMD responses in a similar manner as intracellular or 647 visually guided application (Fig. 2i) , implying that the stereotactic injection method 648 successfully targeted the LGMD. 649 This prevents the sustained high frequency firing necessary for initiating escape. After g H 664 blockade (right), the resting membrane potential is reduced, increasing the activatable K D-665 like and Ca T channels. Without g H , depolarization cannot be sustained high enough to 666 inactivate these channels leading to an increased K D-like and K Ca conductances and lower 667 frequency firing which fails to produce escape behaviors. 668
Methods 669

Animals 670
All experiments were performed on adult grasshoppers 7-12 weeks of age (Schistocerca 671 americana). Animals were reared in a crowded laboratory colony under 12 h light/dark 672 conditions. For experiments preference was given to larger females ~3 weeks after final molt that 673 were alert and responsive. Sample sizes were not predetermined before experiments. Animals 674 were selected for health and size without randomization, and investigators were not blinded to 675 experimental conditions. 676
Surgery 677
The surgical procedure for intracellular recordings was described previously 30, 32 . For 678 extracellular DCMD recordings in freely moving animals, we developed a novel chronic implant 679 technique, allowing the same animals to be recorded over many days, based on previous 680 methods 24 . Grasshoppers were fixed ventral side up and a rectangular window was opened in 681 their thorax. Air sacs were removed and the trachea were carefully separated to expose the 682 ventral nerve cords. Two teflon-coated stainless steel wires 50 µm in diameter were cut to a 683 length of ~4 cm and fashioned into hooks with the coating removed from the inside edge of the 684 crook (supplier: California Fine Wire, Grover Beach, CA). The electrodes were implanted with 685 the deinsulated region placed against the dorsomedial edge of the left nerve cord between the 686 pro-and meso-thoracic ganglia. Slight tension was applied to the cord to maintain a fixed 687 position against the wires, and the wires were set in place by waxing them to the left side of the 688 thorax. The cuticle window was then closed and sealed with a wax-rosin mixture and Vetbond 689 (3M, St. Paul, MN). A ground electrode made of the same wire as the hooks was placed outside 690 on the thorax and embedded in the wax. All three wires were routed laterally and fixed to the 691 dorsal pronotum using the wax-rosin mixture with just enough slack to allow normal pronotum 692 movement. The ends of the wires were de-insulated and positioned pointing up to prevent the 693 animal from reaching them. After the surgery, animals were allowed a day to recover, and 694 survived for up to 7 months during which time the animals behaved normally. 695
To connect the electrode wires to the amplifier during an experiment, the animals were 696 held in place with transparent surgical tape (Dukal Corp, Ronkonkoma, NY). The free ends of 697 the implanted electrodes were each attached to polyurethane-coated hook-up wire with a pair of 698 gold-plated miniature connectors (0508 and 3061, Mill-Max, Oyster Bay, NY; wire diameter: 699 160 µm or 34 AWG, Belden, St. Louis, MO). The hook-up wires were braided together and 700 loosely suspended directly above the animal to allow unrestrained movement. Neither the 701 implantation surgery or connection of implanted wires to the amplifier caused a significant 702 reduction in escape behavior (Supplementary Fig. 6b) . 703
Visual stimuli 704
Visual stimuli presented during jump experiments were generated with custom software 705 on a personal computer (PC) running the real-time operating system QNX 4 (QNX Software 706 Systems), as previously described 24 . Identical visual stimuli for electrophysiological experiments 707 were generated using Matlab and the PsychToolbox (PTB-3) on a PC running Windows XP. In 708 both cases, a conventional cathode ray tube (CRT) monitor refreshed at 200 frames per second 709 was used for stimulus display (LG Electronics). Both monitors were calibrated to ensure linear, 710 6-bit resolution control over luminance levels. Visual stimuli were presented in blocks with each 711 stimulus shown once per block and the order within the block randomized by the stimulus 712 software for all experiments. For wide field stimuli presented to restrained animals, a 90-120 s 713 delay was used between stimuli and grasshoppers were repeatedly brushed and exposed to light 714 flashes and high frequency sounds to decrease habituation. Some animals still exhibited 715 pronounced visual habituation (> 50% reduction in peak firing rate from that animal's average 716 response to the stimulus), and these data were excluded from analysis. In escape behavior 717 experiments, a delay of at least 5 min (and usually ~15 min) was used between stimuli to prevent 718 habituation. 719
Looming stimuli consisted of dark squares simulating the approach of a solid object on a 720 collision course with the animal 23 . Briefly, the instantaneous angular size, θ(t), subtended at one 721 eye by a square of radius, l, approaching the animal at constant speed, v, is fully characterized by 722 the ratio, l/|v|, since θ(t) = 2 tan -1 [l/(v t)]. By convention, v < 0 for approaching stimuli and t < 0 723 before collision. Stimuli simulated approach with l/|v| values of 50 or 80 ms from an initial 724 subtended angle of 1.2° until filling the vertical axis of the screen (300 mm), lasting 725 approximately 4 and 7 s for l/|v| = 50 and 80 ms, respectively. The maximum θ values reached 726 by the stimuli were either 136° or 80° for the freely behaving or restrained preparations, 727 respectively, due to the differing distances of the eye to the screen. 728 'Coarse' looming stimuli were generated as in our earlier work 32 . Briefly, the stimulation 729 monitor was first pixelated with a spatial resolution approximating that of the locust eye (2-3° x 730 2-3°), referred to as 'coarse' pixels. Each coarse pixel's luminance followed the same time 731 course as that elicited by the edge of the simulated approaching object sweeping over its area. To 732 alter the spatial coherence of these stimuli, a random two-dimensional Gaussian jitter with zero 733 mean was added to each coarse pixel screen location. The jittered positions were rounded to the 734 nearest available coarse pixel location on the screen to prevent any coarse pixels from 735 overlapping. The standard deviation of the Gaussian was altered between 0 and 80° to control the 736 amount of shifting and thus the resulting spatial coherence of the randomized stimulus. 737
For localized light flashes, a 1° x 1° luminance increase was presented briefly (~1 s) on a 738 black background in the dark (Supplementary Fig. 1a-c) . A window of 200 ms following the 739 flash onset was used to quantify LGMD activity. 740
Escape behavior 741
The behavioral experiments were conducted as previously described 35 Waterloo Canada). Videos were made from the images and saved in lossless motion JPEG 747 format using custom Matlab code. Measurements of the stimulus coherence's effect on escape 748 behavior (Fig. 1f) include a total of 202 trials from 66 animals with 1-9 trials per animal. 749
Animals which did not jump in response to any stimuli were excluded from analysis, as done 750 previously 35 . 751
Electrophysiology 752
Electrophysiological experiments were performed as described previously 30, 32 . Briefly, 753 sharp-electrode LGMD intracellular recordings were carried out in both voltage-clamp and 754 current-clamp modes using thin walled borosilicate glass pipettes (outer/inner diameter: 1.2/0.9 755 mm; WPI, Sarasota, FL). After amplification, intracellular signals were low-pass filtered (cutoff 756 frequency: 10 kHz for V m , and 5 kHz for I m ) and digitized at a sampling rate of at least 20 kHz. 757
We used a single electrode clamp amplifier capable of operating in discontinuous mode 758 at high switching frequencies (typically ~25 kHz; SEC-10, NPI, Tamm, Germany). Responses to 759 visual stimulation were measured in bridge mode, current injections were applied in 760 discontinuous current clamp mode (DCC), and voltage-clamp recordings in discontinuous single-761 electrode voltage-clamp mode (dSEVC). All dSEVC electrodes had resistances <15 MΩ. 762
Electrode resistance and capacitance were fully compensated in the bath immediately prior to 763 tissue penetration and capacitance compensation was readjusted after entering the neuron. If 764 capacitance could not be fully compensated the recording was not used. In addition to previously 765 described methods, a fluorescent dye (Alexa Fluor 594 hydrazide salt; Molecular Probes) was 766 injected intracellularly and the cell was imaged with a CCD camera mounted to a 767 stereomicroscope (GuppyPro F125B; Allied Vision Technologies, Exton, PA). This allowed 768 subsequent visually guided positioning of the recording electrode. 769
During voltage clamp recordings, the membrane potential and current were measured 770 simultaneously to ensure the desired membrane potential was maintained at the electrode 771 location. The LGMD neuron is not electrotonically compact 55 and therefore the issue arises of 772 how well its dendritic membrane potential is controlled through voltage-clamping at a single 773 location ("space clamp"). The quality of the space clamp cannot be measured with a single 774 electrode recording. In pyramidal neurons, the steady-state dendritic membrane potential is 775 largely uncontrolled when voltage clamping originates at the soma 56 . In contrast, in Purkinje 776 cells, which have a dendritic structure more closely resembling that of the LGMD, the steady-777 state dendritic membrane potential is well controlled from the soma 57 . Simulations in NEURON 778 (details below) were used to estimate the quality of the space clamp in the LGMD. For electrodes 779 placed at the base of field A the average steady-state change in membrane potential within field 780 A was 95% of the desired change (i.e., starting at rest, −65 mV, a −30 mV step to −95 mV, 781 yielded an average membrane potential across field A of −65 + 0.95 • (−30) or −93.5 mV). 782
For electrodes placed further away from the base of field A, the quality of the space clamp 783 decreased. Across the dendritic region used for voltage clamp recordings, the estimated quality 784 of the space clamp ranged from 83-95% (average voltage command attenuation of 5-17%). 785
For characterizing g H , 1-2 s hyperpolarizing current or voltage steps were injected in 786 DCC or dSEVC mode, respectively, with 5 s between steps. Different step amplitudes were 787 randomly interleaved and at least 6 trials per step amplitude per animal were acquired. For each 788 recording, we used at least 4 step amplitudes, with values selected to cover the activation range 789 of g H . Example recordings are shown in Supplementary Fig. 1a . In most experiments, no 790 holding current was applied between steps (held at the resting membrane potential), while in 791 some experiments a positive holding current was applied (held near -50 mV) before the 792 hyperpolarizing step and in other experiments a negative holding current was used (held near -793 115 mV) with depolarizing steps. Estimated activation curves (see below) were not different for 794 recordings with different holding potentials, and the data were combined for analysis. 795
Extracellular recordings were taken between the two hook electrodes on the nerve cord, 796 differentially amplified and bandpass filtered from 100 to 5000 Hz (A-M Systems, model 1700, 797
Carlsborg, WA). The amplitude of DCMD spikes was consistently the largest, allowing their 798 identification with a simple threshold. DCMD spikes uniquely identify the LGMD neuron as 799 they are in one-to-one correspondence with those of the LGMD 19 . 800
Experiments with hyperpolarizing current during visual stimulation (Supplementary 801 Fig. 3b) were conducted by first staining the LGMD and then inserting an electrode near the 802 base of field A. Visual stimuli of different coherences were presented either with zero current or 803 -2.5 nA current injected from 20 s before stimulus onset through the end of the stimulus. Sets of 804 single trials of each stimulus (randomized) were presented while alternating between 0 and -2.5 805 nA currents and continued until at least 3 trials of each stimulus were presented for both 806 conditions. 807
Pharmacology 808
Drugs were prepared in aqueous solution and mixed with physiological saline containing 809 fast green (0.5%) to visually monitor the affected region. They were puffed using a pneumatic 810 picopump (WPI, PV830). For restrained experiments, injection pipettes had tip diameters of ~2 811 µm and were visually positioned with a micromanipulator against the posterior edge of the 812 lobula, close enough that the ejected solution penetrated the optic lobe. Drugs were gradually 813 applied while monitoring responses of the LGMD to visual inputs, and care was taken to prevent 814 spread into presynaptic neuropils. Additionally, saline in the bath was exchanged immediately 815 after puffing to prevent diffusion to other brain areas. We used drug concentrations of 10 mM for 816 both ZD7288 and 4AP in the extracellular puff pipette. These concentrations were adjusted in 817 pilot experiments to account for the low mobility of the drugs through the tissue in vivo, taking 818 into account their approximate final concentration, as explained below. 819
Due to dilution of the drugs in the saline bath after puffing, the exact drug concentration 820 at the level of the LGMD cannot be determined. However, our best estimate is ~200 µM for both 821 ZD7288 and 4AP. This estimate comes from comparing the effect of the puffed drugs to those 822 observed after bath application of the same drugs. For example, when bath applying ZD7288, the 823 same level of blockade as from local puffing was achieved by adding 100 µl of 20 mM drug to 824 ~5.5 ml of bath saline for a final concentration of ~350 µM. This concentration is an upper 825 bound on the concentration at the level of the LGMD, since it lies ~150 µm deep within the optic 826 lobe. For local puffing, less than 1 µl of drug was used, which would generate a final bath 827 concentration well below 1 µM after exchanging the saline in the bath, as explained above. 828
For intracellular application, the drug concentrations in the pipette were 1-5 mM for 829 ZD7288 and 5 mM for 4AP. The final concentration inside the LGMD cannot be determined but 830 is likely considerably lower, due to the large volume of the cell and the submicron diameter of 831 the pipette. In those experiments, the effects of the drugs were comparable to those observed 832 with extracellular application. 833
Although it cannot be known whether intracellularly applied ZD7288 or 4AP diffused out 834 from within the LGMD, this seems highly unlikely to have affected our results. For example, the 835 effects of intracellular ZD7288 application on the LGMD's membrane properties were consistent 836 from a minute to an hour after application, giving no evidence of a slow diffusion across tissue 837 that may have affected presynaptic sites. Further, the membrane effects on the LGMD were the 838 same whether excitatory synaptic inputs were blocked with mecamylamine or not. To further 839 rule out the possibility that the effects of ZD7288 observed during visual stimulation were 840 caused by diffusion to presynaptic sites after intracellular application, we conducted visual 841 stimulation experiments in which the g H conductance was blocked intracellularly with Cs + 842 ( Supplementary Fig. 1 & 3) . Similar effects were seen on visual responses compared to 843 ZD7288 application, although Cs + was not as specific a blocker since there was also evidence of 844 partial block of K + conductances. For these experiments, a concentration of 150 mM CsCl was 845 used in the recording pipette. We also attempted to block intracellularly the inactivating K + 846 conductance by using 4-aminopyridine methiodide (4APMI) which is membrane impermeant 58 . 847 4APMI reacted strongly with the silver wire in the electrode forming AgI crystals, so a platinum 848 wire was used for the experiments. Unfortunately, 4APMI which is larger than 4AP failed to 849 block the inactivating K + conductance even at recording pipette concentrations as high as 50 850 mM. Nonetheless, presynaptic effects are unlikely as we never observed increases in 851 spontaneous EPSPs within the LGMD following 4AP application and the presynaptic neurons 852 have no information about the overall spatial pattern of the stimulus. In all there were no 853 indications of any nonspecific drug effects on presynaptic neurons that might have influenced 854 visual responses. 855
To observe the effects of ZD7288 in freely moving animals, stereotaxic injections were 856 made through a hole in the dorsal rim region of the right eye. The animal was restrained and the 857 head was placed in a small clamp attached to a 3-axis micromanipulator (Narishige, Japan). Head 858 tilt was positioned manually by fixing the animal at the pronotum. After the head was precisely 859 positioned, a ~0.5 mm hole was made through the dorsal end of the eye with a steel probe. A 860 drop of saline solution was placed covering the hole to prevent drying or coagulation of the 861 hemolymph. A glass pipette with a tip diameter of 1-2 µm and a taper length >2 mm from 862 shoulder to tip was positioned with a Leica manual micromanipulator and lowered just above the 863 eye. The ZD7288 solution (2 mM in saline with 1% fast green) was puffed into the saline drop 864 covering the dorsal rim to determine the appropriate air pressure ejection level. The saline 865 droplet was immediately removed and replaced to prevent spread of ZD7288 to photoreceptors. 866 Next, the pipette was lowered through the eye along the dorsal rim of the optic lobe to the lobula 867 (~1.5 mm) while enough positive pressure was maintained to prevent clogging. In control 868 experiments, LGMD activity was measured before and after penetration of the pipette in the 869 lobula to ensure that visual inputs were not damaged by the procedure (Supplementary Fig. 6c ). 870
Ejection volume was estimated from monitoring changes in the meniscus position of the saline 871 within the visible region of the pipette. After pressure ejection of ZD7288, the pipette was 872 removed and checked for clogs or breaks. The hole in the eye was sealed with a small amount of 873 Vetbond (3M), carefully ensuring that no glue spread onto the rest of the eye. 874
Following the conclusion of the experiment, the animal was euthanized and the head was 875 dissected (~2 hours post injection). Fast green staining was used to confirm that the solution was 876 injected into the lobula (Supplementary Fig. 6d) . In initial experiments, bath application of 877 ZD7288 was found to reduce visual responses as did application of ZD7288 directly to 878 photoreceptors. When puffing ZD7288 within the lobula, however, even if the solution 879 occasionally spread to the medulla or lamina visual responses remained similar to those observed 880 after intracellular application. This suggests that there are likely HCN channels within the 881 photoreceptor layer, as is the case in mammals 59 , but that any HCN channels within the medulla 882 and lamina 60 do not influence LGMD inputs under our experimental conditions. Because 883 ZD7288 was applied extracellularly, it may have affected other descending neurons whose 884 processes are located in the immediate vicinity of the LGMD dendrites. This is however unlikely 885 to have affected escape behaviors, since decrease in escape was tightly correlated with a 886 reduction of LGMD firing rate determined in independent experiments (Fig. 2l) . In addition, 887 earlier selective ablation experiments have shown that under our experimental conditions nearly 888 all escape behaviors depend solely on LGMD firing 28 . 889
Data analysis and statistics 890
Data analysis was carried out with custom MATLAB code (MathWorks). Linear fits 891 were based on Pearson's linear correlation coefficient, denoted by 'r' in figure legends. Non-linear 892 fits, including the activation curve and time constant in Figure 2 and all exponential fits 893 described below were made with the Matlab function 'lsqcurvefit', which minimizes the least 894 square error between the data and fitting function. Goodness of fit was denoted by R 2 , calculated 895 as one minus the sum squared error of the fit divided by the sum square deviation from the mean 896 of the data. 897
The sag amplitude was measured as the difference in membrane potential between the 898 peak hyperpolarization during a current step and the steady-state value at the end of the step. The 899 sag time constant was calculated from fitting a single exponential to the membrane potential for 900 the period starting 15 ms after peak hyperpolarization to the end of the current step 901 (Supplementary Fig. 1a) . The hyperpolarizing step currents were also used for calculating 902 membrane time constants. The membrane time constant was calculated by fitting a single 903 exponential to the membrane potential for the period from 0.5 to 13 ms after the start of 904 hyperpolarizing current injection. 905
The fitted activation curve of the HCN conductance was based on a Boltzmann equation 906 reflected along the voltage axis to produce decreasing g H with increasing v: 907 -= 012 1 + 565 7/9 :
. 908
The steady-state conductance, -, is a function of the membrane potential, v, depending 909 on three parameters: the maximum conductance, 012 , the half-activation potential, </= , and the 910 steepness, s. The parameters were fitted from voltage-clamp data based on the equation 911
where v 1 and v 2 are the starting and ending clamp potentials and E H is the reversal potential of 913 the HCN conductance, -35 mV, used for all animals. ∆I H is the experimentally measured change 914 in membrane current produced by the voltage step after transients have settled. ∆I H was 915 measured by fitting a single exponential to the current time-course 15 ms after the step onset and 916 up to its end (Supplementary Fig. 1a ). This period captured the slow change in clamp current 917 due to g H and offered clear experimental advantages over other estimations methods. As all 918 experiments were done in vivo, it was not feasible to reliably block other putative voltage-gated 919 channels. Hence, the most reliable measurement of ∆I H were obtained at hyperpolarized 920 membrane potentials where other active conductances can be safely discounted. Voltage 921 clamping the LGMD to depolarized potentials where all HCN channels will be closed (> -40 922 mV) was not technically feasible, and the use of tail currents yielded less reliable measurements 923 due to contamination by other active conductances. Here, v 1/2 is the membrane potential with the slowest activation, s is the steepness, and τ min the 928 minimum activation time. Fitted points were obtained from the single exponential fits to I H for 929 both hyperpolarizing (channel opening) and depolarizing (channel closing) voltage steps. 930
Comparisons of sag amplitudes were obtained with current steps yielding a peak 931 hyperpolarization of ~105 mV ( Fig. 2c-e ). For Figure 2c,d , all values to steps within the range 932 of -95 to -115 mV were pooled. For Figure 2e , interpolation of values at nearby potentials was 933 used to estimate sag amplitude at -105 mV to have a single common value for all recordings. 934
Statistical comparisons between sag measurements in different subcompartments of the LGMD 935 ( Fig. 2c,d) were carried out using a Kruskall-Wallis analysis of variance (ANOVA) corrected for 936 multiple comparisons with Tukey's Honestly Significant Difference Procedure (KW-MC). To 937 determine the correct statistical test for comparison we used a Lillifors test of normality (alpha = 938 0.20) and comparison of equality of variance. Much of the data was non-normally distributed and 939 variances increased after drug application so most comparisons were made using the Wilcoxon 940 rank sum test (WRS) which does not assume normality or equality of variance. For displaying 941 non-normal data, average values were given as median and variance was displayed as median 942 average deviation (mad). Mean and standard deviation were used for normally distributed values, 943 as indicated in figure legends. Percent activation at rest (Fig. 2h) was calculated through 944 bootstrapped activation curves from current clamp data. Unpaired t statistics were calculated 945 from the bootstrapped mean and variance of activation at the resting membrane potential (-65 946 mV) 61 . 947
Simulated excitatory postsynaptic potentials (sEPSPs) were generated by injecting a 948 series of five current waveforms with a set delay between them. Each waveform, I(t), had a time 949 course resembling that of an excitatory synaptic current, 950 = (1 − 6H I 7 ) <6H I 9 , 951 with peak amplitude A, rising time constant τ 1 = 0.3 ms, and falling time constant τ 2 = 3.0 ms. 952
Summation was calculated as the ratio (p 5 -p 1 )/p 1 , with p 1 and p 5 being the peak amplitude of the 953 membrane potential relative to rest during the 1 st and 5 th sEPSP. In Fig. 3f we plotted the 954 integrated membrane potential (relative to rest) divided by the integrated input current (charge) 955 giving a value in units of mV ms / nA ms = MΩ that is readily comparable to input resistance. 956
Normalized firing rates ( Fig. 2j and Fig. 4b) were calculated by dividing the response 957 amplitude for each stimulus by that animal's maximal response amplitude under control 958 conditions (insets of Fig. 2j and 4b) . These individually normalized rates were then averaged 959 across animals. The relative change in response due to a drug ( Fig. 4c) was calculated by 960 dividing the absolute difference in response between control and drug conditions by the lesser of 961 the two firing rates (control in the case of 4AP, and post drug in the case of ZD7288). This 962 produced percentages covering similar ranges, and so allowed for the best comparison and 963 graphical illustration of their relative effects. 964 'Sustained firing' was defined as the longest period in which the instantaneous firing 965 frequency remained above a 20 Hz threshold. For each trial, the number of spikes within this 966 longest period was considered the 'sustained response' and all spikes outside of this period were 967 counted as the 'transient response' (Supplementary Fig. 5e,f) . These 'sustained' and 'transient' 968 measures were used instead of 'burst' and 'non-burst' statistics based on interspike intervals 969 because the LGMD can generate sustained high frequency firing with similar interspike intervals 970 within and outside of bursts. 971
To compare changes in membrane potential and stimulus angular distance ( Fig. 4d;  972   Supplementary Figure 4) , we identified newly changing coarse pixels in a specified stimulus 973 frame from those that had begun to darken from their background luminance value in earlier 974 frames ('earlier changing'). We then computed the mean minimal distance of newly changing 975 coarse pixels with respect to earlier changing ones. In parallel, changes in the membrane 976 potential were averaged from 25 ms following the appearance of the newly changing coarse 977 pixels until a new group of pixels began to darken. More precisely, we identified six time periods 978 during the stimuli when the luminance of newly changing coarse pixels is decreasing for over 50 979 ms and they typically have mean angular distances larger than 1° from earlier changing ones. For 980 these six different time periods during each trial, we calculated the linear correlation between 981 these mean angular distances and membrane depolarizations, as explained above. Early in the 982 stimulus presentation, there are fewer coarse pixels changing luminance and less resulting 983 depolarization. To better illustrate the relationship between these variables, the angular distances 984 and membrane potentials were normalized independently for each of the six time windows. The 985 normalization consisted of subtracting the minimum control value and then dividing by the range 986 for control data within each time window. The unnormalized data and example stimulus frames 987 from all time periods are shown in Supplementary Figure 4 . 988
The full model and simulation code are available in the public repository ModelDB, 1058 accession number 195666. The experimental data and analysis code generated during the current 1059 study are available from the corresponding author on request. 1060
